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ABSTRACT 


This thesis is concerned with the design and construction of a 
radiosonde utilizing solid state devices and state-of-the-art techniques. 
The radiosonde is designed with the idea of obtaining data at a ground 
station in digital form and transmitting this data direct to Weather 
Central via high speed data links. Pulse modulation is utilized to 
transmit the data from the radiosonde. The multiplexer (time multi- 
plexing is utilized) is designed using MOS micro technology and a 
breadboarded simulation is accomplished using discrete MOS integrated 
circuits. A computer simulation of the actual multiplexer design is 
performed. The modulator and transmitter are of complete solid state 
design. Extensive testing of the overall system indicated satisfactory 
results and show a substantial improvement over the present radiosonde. 
Modification of ground receiving systems to facilitate proper reception 


of information from the radiosonde is also discussed. 
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I. INTRODUCTION 


Daily weather forecasting is accomplished through data obtained 
from radiosondes. The radiosondes are carried aloft by balloons and, 
during ascent, transmit pressure, temperature, and humidity data to 
a ground station. Two types of radiosondes are used; the AN/AMT-4 
which operates at a frequency of 1680 MHz, and the AN/AMT-11 which 
operates at a frequency of 403 MHz. Both systems have vacuum tube 
modulators and transmitters and a Baroswitch [Ref. 1] which time 
multiplexes the humidity, temperature, and high or low reference data. 
Data is recorded at the terminal installations on charts and after 
interpretation and encoding is sent to a central facility. Information 
collected by the central facility is utilized in preparing daily 
weather forecasts. During data interpretation and encoding human 
errors are introduced. In addition, sensor inaccuracy is also a 
large contributor of error. 

In order to improve system accuracy and reliability it would be 
desirable to eliminate any data reduction or interpretation at the 
ground station prior to transmission to the central facility. This 
could be accomplished easily be recording the data directly in 
digital form compatible with the computer format at Weather Central. 
The data could be transmitted over high speed digital links to the 
computer for final interpretation. Fig. ] depicts this situation. 

Another desirable feature would be an increase in the data 
rate and a capability to measure other atmospheric constituents such 


aS ozone, etc. Corbeille [Ref. 2] concluded that "If accurate data 
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are to be obtained from radiosonde flights, the entire system must 
be considered inadequate and improvements must be initiated." This 


thesis is directed toward accomplishing this overall system improvement. 


Il. DESIGN CONSIDERATIONS 


A complete solid state system will be designed. State of the 
art techniques and devices will be utilized wherever possible. 


Table 1 lists the desirable operational specifications of the system. 


Power Output 6 watts peak 
Modulation Pulse (PM) 
Channel Capacity Five plus calibrate/sync. 
Size and Weight Minimum 
Frequency 403 MHz 
Sample Rate One sample/channel/1.6 sec. 
Accuracy 
Temperature 70C coeea70G) + .1C 
Pressure 1060mb to 5mb + Imb 
Humidity 10% to 90% + .1% 
Data Format Digital 
TABLE 1 


The present radiosonde (AMT-4A), including battery, weighs 
approximately 2.42 lbs. A minimum weight reduction of 30% is expected 
while a reduction of over 50% in physical size can easily be achieved. 
Since the entire system will be solid state a reduction in power 
requirements is also expected. This could also result in a reduction 
in battery size and weight. The multiplexer will have a five channel 
capacity along with a calibration channel which will also be used as 
a synchronization signal. The calibration information will be used 
to correct deviations in the received data. These deviations are 
expected to occur from variations in circuit parameters resulting 
from the environmental changes over which the radiosonde must operate. 

Although meteorological transducers were not considered as part 


of this investigation, it will be assumed that the temperature and 


humidity sensors will be resistance types and the pressure transducer 
will be a voltage type. These assumptions are based on research pre- 
sently being done on improved sensors. 

Because the radiosonde is expendable, cost must be considered a 
prime design consideration. Although prototypes are inherently costly, 
historically, it has been shown that such costs reduce rapidly with 


usage and improved manufacturing techniques and technology. 


III. SYSTEM ENGINEERING CONSIDERATIONS 


a 


The following considerations were used in the design of the 
radiosonde. Fig. 2 shows the overall] system block diagram. In 
this section each circuit will be discussed separately and a detailed 


analysis given. 


A. MULTIPLEXER 

A five channel multiplexer will be designed. A sixth channel will 
be provided for synchronization and calibration. The multiplexer 
Switching cycle is depicted in Fig. 3. Each data channel is sampled 
every 1.6 seconds for a period of 50 milliseconds. The sync/calibrate 
channel is 150 milliseconds long. The additional length will enable 
its detection as the sync pulse. A cycle time of 1.6 seconds is based 
on the rate of ascent of the balloon and the amount of data required 
to provide a good profile of the measured meteorological parameters. 
At this rate data will be obtained approximately every 20 feet. 

Since, at the present time, only three parameters are measured, 
two channels will be unused. However, they are provided in the event 
other meteorological data is required. 

To implement the multiplexer, a relatively new technology in large 
scale integration will be used. Without this technology the cost, 
size, and complexity of the multiplexer used in this radiosonde would, 
in each case, be too great, making it impractical for such a system. 
Metal Oxide Silicon, an old technology, has made it possible to put 
a logic system on a single chip [Ref. 11]. The inherent attributes 


of MOS technology are: 
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g 
= we 
AY ~“ e Ay. Ss 6 ge 0 
x twee & & FF # 
ir ee SF ee fo = 
<= = \ cv 
Y Sak a a Se se e 
& G a © v G Y U 


ta ea perc /K—/s0msec 
200 msec 
16 SEC | 


FIGURE 3. MULTIPLEXER SWITCHING CYCLE 
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a. Small size-device geometry is much smaller than 
bipolar devices. 

b. Low Power Consumption - MOS has the high impedance 
characteristics of vacuum tubes. 

c. Batch Fabrication Processing - this process provides 
the vehicle to achieve a lower cost per gate function 
in MOS/LSI arrays and requires fewer processing steps 
than bipolar manufacturing. 

d. Logic Versatility - bilateral current flow in an 
MOS transistor enhances the versatility of MOS 
design. 

The design or layout of an MOS/LSI system is accomplished by using 

a family of pre-designed building blocks (cells). The array is 
customized by arranging the cells in the advantageous positions for 
interconnection. This procedure ensures optimum usage of silicon 
surface area resulting in a lower cost per chip. Since engineering 
costs precluded having a customized chip designed and built during 
this investigation, a computer simulation of the design of the LSI 
multiplexer will be performed. This is an actual step in the engin- 
eering process of an MOS/LSI system, therefore, the design and computer 
Simulation encompass a significant part of the overall engineering 
design. 

The purpose of the thesis is to design and build a solid state 
radiosonde. To accomplish this a multiplexer design, differing from 
the LSI, will be made using discrete MOS IC's. Although bipolar IC's 
could be used resulting in a significantly fewer number of devices 
required the author chose to use MOS IC's in order to investigate the 
operation of such devices over wide temperature and voltage weriatione 
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The clock circuit which will be used to drive the multiplexer 
will be crystal controlled. The reason for this will become clear 
in the discussion of the modulation technique. Since a separate and 
discrete clock oscillator would add cost, weight, and space to the 
multiplexer the inclusion of the oscillator components on the LSI chip 
would be most desirable. An effort will be made to design the oscil- 
lator with MOS IC's and components which are suitable for integration. 
MOS analog switches will be used in the multiplexer to transfer 
analog data from the meteorological sensors to the modulator. The 
‘on' and 'off' resistances of these switches should be as low and as 
high, respectively, as possible in order to minimize data error. 
Typical 'on' resistances are 250 ohms while values of 60 ohms have been 


9 ohms. 


achieved. Typical 'off' resistance values are 1.5 x 10° 
Summarizing: The analog data from the sensors will be connected 
to the modulator through MOS switches. The switches will be gated 
‘on' periodically for 50 milliseconds. Each sensor will be connected 
to the modulator every 1.6 seconds through the switches. A 200 
millisecond ‘off' time occurs between successive channels. A cali- 
brate/sync. siana! will also be generated each 1.6 seconcs. The 
multiplexer will be designed with discrete MOS IC's to facilitate 
breadboarding. An MOS/LSI design will be made and a computer simu- 


lation performed to ensure proper design. A crystal controlled 


clock will drive the multiplexer. 


B. MQDULATION TECHNIQUE 
Because of its simplicity to implement, pulse modulation was select- 
ed. Other advantages inherent in this techiique are lower power 


consumption and relative noise immunity. Pulse Amplitude Modulation 


Zi 


(PAM), Pulse Code Modulation (PCM), and Pulse Duration Modulation 
(PDM) were all considered too complex and too costly to implement. 
It was decided to vary the pulse repetition frequency of the transmitter 
during the gated 'on' time of each channel. This can easily be accom- 
plished by keying the transmitter with some form of voltage controlled 
oscillator. This modulation technique will be referred to as Gated 
Variable Pulse Repetition Frequency. 

Using a voltage controlled multivibrator, the pulse frequency of 
the output will be a function of the input voltages. These voltages 
are to be derived from each of the meteorological sensors. The oscil- 
lator output will key the transmitter. If an oscillator output is 
required to turn the transmitter on then, if no oscillations occur 
during the time the sensors are not being sampled, the transmitter 
will be off, resulting in a considerable savings in power. Fig. 4 
presents an overall picture of the relationship between sampled voltages 
generated from the sensor circuits and the output of the voltage 
controlled multivibrator. Note that the voltage sampled for the 
calibrate signal is constant. The number of pulses generated during 
the 50 millisecond ‘on' time can be counted, after detection, in the 
receiver. This count can be converted directly to frequency and if 
the frequency/voltage characteristics of the VCM are known the data 
can be converted directly to their respective meteorological parameters. 
The reason for the crystal controlled clock in the multiplexer now 
becomes clear. Since the ‘on' gate to the VCM will be set at 50 
milliseconds, the number of pulses counted during this time is a 


direct frequency measurement. Once the count has been performed, it 
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FIGURE 4 MULTIPLEXER AND VCM BLOCK DIAGRAM 


can be stored on magnetic tape or punch tape in digital form. There 

is no requirement for any analog to digital conversion at the ground 
Station. Decoding of the data in the receiver will be discussed further 
in Section IX. 

Ideally, the VCM characteristics should be linear. Any non-linear 
characteristics must be predictable in order to have the computer 
interpret the data correctly. Linearity is realizable, however, since 
the radiosonde will be subjected to a wide temperature environment, a 
definite drift in the VCM characteristics is expected. In order to 
compensate for this drift, a calibration channel is provided by the 
multiplexer. This channel has a 150 msec 'on' gate, and it is during 
this time that the VCM drift will be monitored. This will be accom- 
plished by measuring the frequency change with a known constant 
voltage into the VCM. The constant voltage source will be a zener 
diode or some similar device which will put the VCM somewhere in the 
center of its operational range. Fig. 5 depicts the anticipated VCM- 
temperature characteristics. Note that by monitoring the frequency out 
of the VCM with a constant input voltage, the new characteristics can 
be completely determined. 

The linear VCM characteristics can be represented by the function: 

y=ax +b 
where a equals the slope in Hz/volt and where b equals the theoretical 
offset frequency for zero volts input to the VCM. ‘Since the voltage 
into the VCM will be derived from the meteorological sensors, then the 
conversion from frequency to the value of the measured parameter will 


be relatively simple. The information contained in the calibration 
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FIGURE 5 IDEAL VCM CHARACTERISTICS 
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FIGURE 6 3102- THREE INPUT GATE (MOS IC) 


pulse will allow the computer to update the offset, b, during each 
data cycle. Ideally, the slope a will not change throughout the oper- 
ational flight. 

In summary: the analog data from the sensors will be connected 
to Voltage Controlled Multivibrator by MOS analog switches. Since 
the 'on' gates of each channel and the calibration/synchronization 
pulse are of fixed time periods, the frequency out of the VCM during 
the 'on' time is determined simply by counting the pulses. This 
information, in digital form, can be’either stored or fed directly to 
a computer for calculation of meterorological data. The 150 millisecond 
calibration pulse will monitor any drift in the’ VCM frequency-vol tage 
characteristics and will also be used to identify the beginning of a 
data cycle for synchronization purposes. The design of the VCM will 
be completely solid state with cost being prime consideration. This 
will limit the number of electronic components used and also require 


some consideration as to the cost of. each of the components. 


C. TRANSMITTER 

Regardless of the fact that the present cost of high power, high 
frequency transistors is prohibitive, it was decided to build a solid 
state transmitter. The reason for this is the anticipation of lower 
cost devices in the near future resulting from improved technology 
and manufacturing techniques. In addition, a single stage, transistor 
power oscillator will help reduce overall system weight, size, and 
power consumption. 

The transmitter is to be keyed on and off by the VCM. To ensure 


positive keying, the power supply will be removed and reconnected 
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to the transmitter through a transistor switch. One or more additional 


Switching transistors may be required to accomplish this. 


D. POWER REQUIREMENTS 
Little consideration could be given to overall power requirements 


prior to breadboarding the system. ltlowever the voltage requirements 
of MOS/LSI integrated circuits are approximately -2/7 volts and -13 
volts. It was decided to use the -2/' volts as the primary power for 
the entire system. A 2/7 volt battery with a 13.5 volt tap can be 
utilized as a power source. The present battery provides 114 volts, 
7.0 volts, and 3.0 volts. It may be possible to realize a rzetuction 


in battery siZ€ and weiyne resultina from a reaucec nower requirement. 


IV. DETAILED SYSTEM DESIGN — 


The following sections give a detailed description of the design 


of each part of the system. 


A. THE MULTIPLEXER 
Two circuit designs were made. One was. from presently available 
MOS IC*s to facilitate breadboarding. The other design was accomplished 
using. computer-aided design, a basic step in the process of building 
an MOS/LSI chip. All the steps.up to customizing the layout of the 
chip were performed.’ Each of these designs will be discussed below. 
‘1. Crystal Oscillator 

The circuits common to both multiplexer are the crystal 
oscillator and frequency divider. As mentioned previously, it would 
be desirable to include the oscillator on the multiplexer chip. 
A MOS IC type 3102, was used as the basic building block in the 
design of the oscillator. The 3102 is a 3 input gate and its sche- 
matic is shown in Fig. 6. Each gate is a MOS transistor capable of 
amplification. The oscillator circuit which was designed is shown in 
Fags 

Rl and R2 form a voltage divider to bias QI and Q2. QI 
is the oscillator while Q2 acts as a buffer. C2 is a 30 picofarad 
coupling capacitor while Cl provides for the proper phase of the 
Signal fed back to the gate of Ql] to cause oscillation. Dl serves 
to clamp the output signal at zero volts. This iS necessary to 
insure switching of the MOS flip-flop which will be driven by the 


oscillator. Fig. 8 shows the actual output of the oscillator/buffer. 
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FIGURE 7 CRYSTAL OSCILLATOR AND BUFFER SCHEMATIC 
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FIGURE 8 CRYSTAL OSCILLATOR AND BUFFER OUTPUT WAVEFORM 





FIGURE 10 FREQUENCY DIVIDER OUTPUT WAVEFORM 
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The nonlinearity in the waveform is of no consequence since it will 
only be used for switching. The frequency of oscillation in this 
case was 324.4 KHz and the amplitude was minus 16 volts. It should 
be mentioned that the crystal in the oscillator circuit is operating 
in its shunt resonant mode. 

Integration of the oscillator/buffer onto the multiplexer 
chip is possible. Each component is capable of being integrated 
on a silicon chip with the exception of the crystal and Cl. 

2. Frequency Divider 
A simple frequency divider was built using flip-flops in series 


V4, 16384) the 


operating in a toggle mode. For fourteen stages (2 
frequency was divided down to approximately 19.8 Hz which was suffi- 
ciently close to the desired value of 20 Hz for’ simulation purposes. 
The final single chip design is intended to have an oscillator fre- 
quency of 655.36 KHz with a fifteen stage frequency divider. This 
was decided after considering the werrent frequency characteristics 
of MOS devices. Fig. 9 depicts the oscillator and frequency divider 
and Fig. 10 is an actual photograph of the clock signal at the output 
of the final divider stage. 
3. Breadboard Multiplexer 

Fig. 11(a) is a block diagram and Fig. 11(b) is the printed 
circuit board IC layout of the actual multiplexer built in the labor- 
atory. All devices used were Fairchild MOS IC's. The shift registors 
are IC# 3101 (Dual JK Flip-Flop) and all the gates are IC# 3100 
(Dual Five Input Gate)’. The operation of the circuit is as follows: 

The clock pulse (generated from crystal oscillator and 


frequency divide as shown in Fig. 9) passes through G2 
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and steps the five bit shift register (S/R), SR5 through 
SR9, so that the output of SR9 (pin 1) gdes high (OV) every 
' 200 milliseconds. Counter Cl through C3 changes state 
each time SR9, pin 1, goes high. The output states of the 
counters are transmitted through G4, G5, and G6 to an 8- 
channel MOS multiplex switch (3705) only while pin 7 of 
SR9 is low. 

When SR9 pin goes high, the three inputs to the 3705 go 
high. Fig. 12 shows the diagram and truth table for the 
3705. S8 is grounded so that during the 200 milliseconds 
between the channel gates zero potential appears at the 
data output channel. Since pin 7 of SR9 is low for only 
50 milliseconds, each state of the counters appear at 

the inputs for this length of time. When the counters 
reach the state HLH the output of Gl goes low causing G2 
to inhibit the clock pulse.: Simultaneously, the clear 
direct inputs to the 4 bit S/R, SRI through SR4, go high 
allowing the clock pulse to step the low state in SRI to SR4 
in 115 milliseconds. Pin 7 is held low during these 
150 milliseconds allowing S6 to remain ‘on'. When pin 

9 of SR4 goes low a clear direct input is generated 
Synchronously through G3 putting the counter and SR5 
through SR9 back into a high state. The clock pulse 

is now allowed to pass through G2 stepping the five bit 
S/R and is also inhibited by G3. The inverted output 
(G11) is now low which clears the four bit S/R until 


the counter again recycles to the HLH state. 
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From the above it 1S seen that S6 becomes the 150 millisecond 
calibration/sync. gate while S8 is the 200 millisecond ‘off' gate. 
Channels one through five are represented by S1] through S5 respect- 
ively. Fig. 13 depicts the generated multiplex cycle. The photo- 
graph shown in Fig. 14 was taken at the data output terminal of 
the 3705 device. All data input terminals were connected to a common 
source voltage of six volts. The sweep speed is 200 milliseconds 
per centimeter and the vertical sensitivity is two volts per centi- 
meter. The photograph clearly shows that the multiplexer operates 
as anticipated. 

4. LSI Multiplexer 

The primary reasons for designing the LSI chip is to learn 
the approximate size and complexity, in addition to realizing an 
actual design. Size and complexity, in general, determine the cost 
of the chip. Of course, the market usage is also @ primary factor, 
however, in the case of the radiosonde, there is no doubt that these 
requirements will equal or exceed any LSI device utilized on the 
market to date. If this chip design were not included as part of 
this thesis, final estimates of system cost, size, weight, and 
other factors considered important would not be realistic. 

Utilizing Computer Aided Design (CAD) to perform logic 
Simulation, a multiplexer was designed using predesigned and pre- 
characterized cells. These cells are available in the computer 
and are called by using a pre-specified format. The computer simply 
connects all the cells as directed in the program. After the 
network has been completely described an input test sequence can 


be applied to the system. Outputs can be monitored at any point 
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FIGURE 14 EXPERIMENTAL OUTPUT OF DISCRETE MULTIPLEXER 
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in the network to ensure proper operation. The final phase of the 
CAD is a circuit topology layout and artwork generation. This phase 
of the design was not accomplished since the information sought by 
performing the LSI design could be determined without it. 

Fig. 15 is the logic diagram of the network which was 
Simulated on the computer. This network was designed using the 
cells from the standard circuit library. The network operation 
is as follows: 

SR1 through SR4 make up a modulus 15 counter with a 

parallel entry capability. They are driven by a 

clock generator whose input is the 20 Hz signal from 

the frequency divider previously discussed. The 

clock generator provides two clock signals, 180° 

out of phase, to drive the masterslave flip-fl0ps 

SR1 through SR4. All blocks prefixed by SR are master- 

Slave flip-flops. The MOD 15 counter generates the 


following sequence: 


SR1 SR2_— SR3._— SRA 
0 0 0 0 
uml 0 0 0 
0 ] 0 0 
] 0 ] O<—CP2 generated 
0 ] 0 ] 
0 0 ] 0 
] 0 0 ] 
] ] 0 0 
0 ] ] 0 
] 0 ] ] 
] ] 0 ] 
] ] ] 0 
0 ] ] ] 
0 0 ] ] 
0 0 0 ] 
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FIGURE 15 LOGIC DIAGRAM OF LSI MULTIPLEXER 


SR5 through SRIO is a six bit shift register whose 
clock pulse is generated by decoding the state 1010 
as Shown above. Each time this state is decoded 

the six bit S/R, one stage of which contains a '1' 
(all others being '0'), shifts the '1' to the 
following stage. The next incoming clock pulse to 
the MOD 15 counter shifts the state to 0101 and this 
State is decoded to provide a ‘parallel enable' 
input to the counter. The next clock pulse puts the 
counter in the state 0000 or 0011 depending on the 
State of the six bit S/R. If the six bit S/R is in 
any state other than 100000 then the counter will 
shift to 0000. If the six bit S/R is in the state 
100000 then the counter will shift to the state 
0011. These shifts are indicated on the counter 
Sequence shown above. Note that the counter changes 
State every 50 milliseconds and that for the six 

bit S/R in any state except 100000 SR4 goes low 
(logic '1') every fifth clock pulse. Then by 
decoding the output of SR4 and the states 010000, 
001000,000100, etc., a sequence of five 50 milli- 
Second gates are generated. Each gate is separated 
from the one following by 200 milliseconds. Also 

it is seen that when the six bit S/R is in the 

State 100000 the counter goes to the state 0011 


resulting in the output of SR4 staying low for 
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two additional clock periods for a total of 150 
milliseconds. The logic equations for the multiplex 
cycle are: 


Calibrate/sync. = SR5 ° SR4 


Channel one = SR6 ° SR4 
Channel two = SR7 * SR4 
Channel three = SR8 °* SR4 
Channel four = SRI * SR4 


th 
YN 
ys] 
ae 
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Channel five * SrR4 


Offgate = SR5 ° SR6 ° SR7 ° SR8 ° SRO * SRIO 

The purpose of the offgate is to ensure that the analog output lead 
is at zero potential during the time all of the other channels are 
off. The logic high notation at the input of the offgate switch in 
Fig. 15 indicates the permanent zero potential connected at that 
point. The logic equations above are depicted at the bottom of the 
figure by the seven NOR gates and just above the gates are their 
respective MOS analog switches. In the computor simulation network 
time delays are also included. After several simulations, it was 
learned that these delays caused slight variations in the 'on' gate 
lengths. This difficulty was overcome by generating a clockgate 
(CLGATE) where 

CLGATE = SR4 ° CP2~ and 

CP2 = SRI ° SR2 ° SR3 ° SRF 
This is shown in the lower left hand corner of the logic diagram. 
Another feature of the design is the fact that, regardless of the 
initial states of the counter and S/R, the counter will only complete 


one cycle before the system will fall into its proper operating 
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frequency. This is accomplished by decoding a parallel enable signal 
(PE2) to set the six bit S/R into the 100000 state. Logically, 
as shown in the diagram 

PE2 = SR3 ° SR4 
on the center right side of the diagram we have an external CD 
Signal input which was only used to satisfy the computer requirements 
that all states must be initialized to some logic level. In an 
actual system this will not be required. 

Not included in Fig. 15 is the network shown in Fig. 16 
which depicts the crystal oscillator and frequency divider circuits 
eh are actually part of the multiplexer. Note that the output 
of the frequency divider feeds the stage that is shown in the upper 
left corner of Fig. 15. 

Appendix A shows the CAD source program and simulation 
program for the multiplexer. Appendix B shows the computer printout 
every 30 time-units which represents an input clock period. From 
the printout it is seen that the correct sequence of gates is contin- 
uously generated after the first cycle of the multiplexer. A logic 
']' indicates that the output of the respective gate is at the state 
which closes the analog switch. For example, a 'l' appearing in the 
POUT column means that the output of the gate labeled POUT in Fig. 

15 is at the voltage level required to close the gate’ to which it 

is connected. Any analog data appearing at the input of this gate 
will appear at the data output lead. Since all other gate outputs 
are '0', all other switches will be open. Note that the 'off gate' 


Switch is closed during the time that all other gates are open. 
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B. MODULATOR 

The modulator consists of a Voltage Controlled Multivibrator 
(VCM) and two switching transistors. The transmitter (Power Oscil- 
lator) is turned on and off at the VCM frequency. The VCM frequency 
is dependent upon the input voltage which is a function of the 
meteorological sensors. 

The range of the VCM input’ voltage will be from minus five to 
minus ten volts (-5 to -10 volts). This range was selected on the 
basis of the maximum recommended input voltage for MOS analog switches 
which is -10 volts. Over the above range, the frequency/va] tage 
characteristics of the VCM will be linear. 

The frequency range of the VCM is determined by the Receiver 
characteristics. The IF bandpass in the SMQ-1A, Radiosonde Receiver 
is approximately 900 KHz. Using this Knowledge and a requirement for 
a fairly good reproduction of the transmitted pulses in the receiver 
the maximum VCM frequency was set at 80 KHz. 

Fig. 17 shows the theoretical frequency spectrum of the trans- 
mitted signal at a frequency of 80 KHz. The S/N ratio and the 
reproduction should be good over this range of operating frequencies. 
Data resolution will be discussed in section VI. 

The basic VCM configuration is shown in Fig. 18(a). Q3 and 
Q4 provided constant current to charge Cl and C2. R2, R3, Cl, and 
C2 determine the frequency of oscillation. D1 and D2 are included 
to prevent emitter to base reverse voltage breakdown due to the 


abrupt 27 volt change in the collectors of QI and Q2. 
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The values of the circuit elements are determined in the 
following manner. In Fig. 18(b) assume V.. =°-10 volts and aV 


across Cl = 27 volts and Vie (on) = .7 volts. Then: 


O-(-10+.7) volts 





1 R2 
and also 
reat 
where 
ieee GD =i2.9 Usec = 6725 Usea 
2  80KHz 2 


the half cycle time of the upper frequency . 
IC ieee 9.58 


oe 


At R 
or 
P20 —oonlo1co| uSeC 
2/ 
= 2.15 usec 
let 
Cl = 100 pf 
then 
R2 = 21.5 Ka 
For 
Vo = -5 volts 
I = Oa=5+.7) = CI eT. 
R2 T/2 
ee DOR ee = 27 usec 
4.3 
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The lower frequency output of the VCM is: 


feos. | usec = 3/7 KHz 
a7 


The circuit was breadboarded and the final design values are (referring 
to Fig. 18[a]) 
R} = R4 = 5.1 K 03 = Q4 (Fairchild 2N4250) 


R2 = R3 = 22 K Q] Q2 (Fairchild 2N3643) 


Cl = C2 = 120 pf 


C. TRANSMITTER 

A solid state power oscillator in a modified Colpitts (Clapp) 

configuration was built using a Fairchild Type MSA8046 power transistor. 
‘Fig. 19(a) shows the actual circuit configuration and parameter 
values. 

Fig. 19(b) is the AC equivalent circuit. The primary frequency 
determining elements are Cl and Ll. C4 controls the amount of regen- 
erative feedback. C2 series tunes the output tank which is connected 
to a 50 ohm load. Cbc, Cbe, and Cce are all the interal capacitances 


of the power transistor. The circuit element values are: 


R] = 1.3KaQlW Cl = .4pf to 4 pf variable 
R2 = 2002  .5W C2 = .9pf to 7 pf variable 
R3 = 525W(wire wound) C3 = 430 pf 

C4 = 8pf 

C5 = 1000pf (feed through) 


L1 = 2 1/2 turns #16 wire 

3/8" diam., 3/16" spacing 
L2 = ] turn #16 wire 

1/2" diam. 
L3 = 6.7 micro henry RF choke 


The RF choke (L4) shown in Fig. 19(a) is due to the inductance 


of the 5 ohm wire wound resistor listed above. 
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FIGURE 19b POWER OSCILLATOR RF EQUIVALENT CIRCUIT 
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The CW power output of the oscillator is six watts. Current 


drain is approximately 750 milliamperes for an efficiency of: 


100 x ——o.- a = 29167 


,foenee | 
The current drain is rather arbitrary from device to device. Another 
power oscillator was built and a power (CW), output of seven watts was 
obtained with a current requirement of only 600 milliamperes. 

For positive switching of the power oscillator a Fairchild 2N2657 
Switching transistor was inserted in the emitter circuit. In order 
to provide the drive for the 2N2657, a 2N3643 transistor was put 
between the switch and the VCM. Fig. 20 is an overall schematic 
diagram of the radiosonde modulater and transmitter section. The 
transistor layout for the modulator and transmitter chassis is shown 
in Fig. 21. Fig. 22 and Fig. 23 show the actual oscilloscope 
presentations of the 400 Megahertz carrier envelope (top sweep) and 
the switching waveform at the collector of the 2N2657 (bottom sweep). 
Fig. 22 was taken at the low end of the VCM range (approx. -6 volts 
input), and Fig. 23 was taken at the upper end (approx. -10 volts 
input). 
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FIGURE 22 CARRIER ENVELOPE AND SWITCHING WAVEFORMS-LOW PRF 





FIGURE 23. CARRIER ENVELOPE AND SWITCHING WAVEFORMS-HIGH PRF 
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V. SYSTEM OPERATIONAL RESULTS 


The multiplexer was connected to the modulator-transmitter. A 
variable voltage source was connected to the inputs of S] through S6. 
The input to S8 was grounded. The output of’ the multiplexer controls 
the frequency out of the VCM which in turn ivigens the power oscilla- 
tor. Fig. 24 is a photograph of the 400MHz RF envelope. The sweep 
speed is 500 milliseconds per centimeter. The top trace is the switch- 
ing waveform on the collector of Q6(Fig. 16), and the bottom trace is 
the detected transmitter carrier envelope. Note that three multiplexer 
cycles appear on each trace. Increasing the sweep produces the same 
waveforms as shown in Figs. 22 and 23. Fig. 25 is a photograph of the 
transmitter spectrum. The PRF of the transmitter was 80 KHz. The 


center lobe width is 320 KHz. between minimums as anticipated. 


A. SYSTEM ENVIRONMENTAL TESTS 

The multiplexer and modulator/transmitter as shown in Figs. 26(a) 
and (b) were placed in a chamber and subjected to temperatures from 
+75°C to -70°C. The VCM output, transmitter power, and transmitter 
frequency were monitored as the simulated input sensor voltages to the 
multiplexer were varied from minus five to minus ten volts. The 
results of these tests are given below. 

1. | Power Output 

At 20°C the peak power output of the transmitter was 5.9 watts. 


The average power was 
=z (5.9) = 737 milliwatts 


note: Duty Cycle = — 


a 





FIGURE 24 CARRIER ENVELOPE AND SWITCHING WAVEFORMS-SLOW SWEEP 





FIGURE 25 EXPERIMENTAL TRANSMITTER FREQUENCY SPECTRUM 
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The system was then placed in an environment chamber. It should be 
noted that the power transistor did not have a heat sink attached 
throughout the tests described in this section. In addition, the entire 
system was left open to the environment. Under actual operation the 
system would be enclosed in a container which would provide some degree 
of protection from the elements. The power output measurements obtained 


over the temperature range is shown in Table 2. 


Temp. (°C) Peak Power (Watts) 
78 eo 
60 oe 
A5 oe 
30 oe, 
15 6.0 

0 6.0 
-15 6.0 
-30 2 
-45 6.3 
-60 Geo 
-67 6.3 

TABLE 2 


At -67°C the transmitter became intermittent. Investigation 
revealed that Q5 (Fig. 20) was not nroviding enough drive to Q6. 
The loss of current gain at this temperature preventec 95 from func- 
tioning properly. 

The operating temperature range of the power oscillator was 
extended from -30°C to -70°C with the addition of C3 (Fig. 19). When 
Q6 is turned on the voltage on the base of the power oscillator lags 


the negative going emitter voltage long enough to provide the fcerward 
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FIGURE 27 TRANSMITTER FREQUENCY DRIFT 
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the location of the crossover points for each curve from negative to 
positive (and VIS-A-VIS) deviations being relatively constant. 

To investigate the possibility that a second order approx- 
imation would better fit the VCM data another computer run was made. 
Fig. 30 shows the second order approximations at the temperatures 
indicated. Fig. 31 shows the deviation of the experimental data from 
the second order curves. The deviations appear to be more random, but 
more important is the fact that the deviations have been reduced 
significantly. The maximum positive and negative deviations appear to 
be approximately 30 Hz and 60 Hz respectively with an average of 
approximately 20 Hz. 

Appendix £ lists the computer printout for the case of the 
second order approximation. The variable Y(1) represents the coeffi- 
cients of the polynomial 


Recent Ce meme 


The variable EZ is the frequency of the least square fit plotted for 


each value of I where I = ~3,-2,-1,0,1,2, and the conversion for the 
VCM input voltage (Vi) ass 
Via “20S al eiyveics 


in 
On the calplot outputs (Figs. 28 through 31) the horizontal scale has 
been shifted to the left five units so that the origin represents a 
VCM input of -5 volts and increasing to the right to -10 volts. The 
vertical scale for the least square estimation plots are equal to 30 KHz 
+ (vertical X 10) KHz while those of the deviation plots are (vertical 


pero) Hz. 
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FIRST ORDER APPROXIMATIONS OF VCM DATA 


FIGURE 28 


62 





DEVIATION OF DATA FROM FIRST ORDER APPROXIMATIONS 


FIGURE 29 
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FIGURE 30 





SECOND ORDER APPROXIMATIONS OF VCM DATA 
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DEVIATION OF DATA FROM SECOND ORDER APPROXIMATIONS 
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The equations of the second order approximations are given 


in Table 4. 
FQUATIONS 

TEMPERATURE. (°C) f in KHz,*Were @ #°8) volts 
75 f = .1101° + 9.2841 + 64.823 

60 f = .1081° + 9.2401 + 64,516 

45 f = .0891° +°9.1661 + 64.138 

30 -€ = .0961° + 9.1121 + 63.620 

15 f = ,0811% + 8.9931 + 62.928 

0 f = ,0841° + 878891 + 62.015 

-15 f = .0691°'+ 8.7231 + 60.949 

-30 f = .0641° + 8.5891 + 60.011 

~45 f = .0531° +°8.3901 + 58.723 

60 f = .0451% +°8. 163174 57.219 

By f = ,0471° +'8.0471 + 56.464 

TABLE 4 


It can be seen that although the coefficients of the second order 
approximations are relatively small, they cannot be ignored. Much more 
data must be taken and analyzed more completely before any definite 
statements can be made regarding the predictability of the behavior of 


the VCM in this type of environment. 
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VI. DATA RESOLUTION 


The theoretical resolution of the information received from the 


radiosonde is determined in the following manner. 


A. PRESSURE 

Assuming the output voltage from the pressure sensor network at 
1060 mb pressure is -10 volts and at 5 mb, is -5 volts. For the VCM, 
the output frequency, ie for -10 volts input is 80 KHz, and for -5 


volts input, is 37 KHz. The resolution is: 


(10-5) volts y (80-37) KHz 


° = 4] Hz/mb 
(1060-5) mb (10-5) volts 


B. TEMPERATURE 
Assuming the same output voltage range for the temperature 
sensing network as obtained from the pressure network for a temper- 


ature range of +/0° C to -/0° C, the resolution is: 


(80-37) KHz 
(TOP ene C 


S07 HZ /eeC = Get te 7s ieee 


C. HUMIDITY 
Assuming the same voltage outputs as above for a measured 
humidity range of 10% to 90%. The resolution is: 


(80-37) KHz 


53/7 Hz/1% humidity 
(90-10) % 


53.7 H2/.1% humidity 
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If it is assumed that there will be no change in the weight of the 


radiosonde battery (AMT-4A), the approximate weight of the solid state 


system 1s: 
Battery 500 grams 
Modulator and transmitter 100 grams 
Total weight - 600 grams 


This weight includes only the electronics package. The reduction in 


weight over the present system is 


1103-600 
1103 


X 100 = 45.6% 


where the AMT-4A weight is given as 1103 grams. The modulator and 
transmitter weight shown above is double the actual weight of the 
breadboarded device. The additional 50 grams were added to account 
for the additional weight of sensors and associated circuitry. This 
added weight is considered more than sufficient to cover these addi- 
tional components. 

The weight reduction shown above is an approximation. However, 
the author feels that it is realistic because of the assumption of no 
change in battery weight. Since a reduction in physical size is also 
going to be realized then it must be assumed that some weight savings 
must result from the system packaging. In any event, the assumption 


made above, if anything, is conservative. 
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VITTS Sister, tOsT 


Only those parts of the electronics system considered significant 
will be discussed. Cost of components such as resistors and capacitors 


will not be covered. 


A. LSI MOLT PPLEXER 

A cost analysis was made by comparing chip size, market requirements, 
and circuit complexity with similar chips presently on the market. The 
cost is based on a 1971 market. Table 5 is a list of the standard cells 
required to implement the multiplexer shown in Fig. 15. The components 


required to include the crystal oscillator are also listed. 


Standard Cell. Total used Total length in mils 
FRS2 25 2715 
CG Z 32 
NAND3 2 8 
NAND2 3 12 
GA4 3 18 
NOR4 Z 10 
OUT 6 36 
NORZ 6 18 
NOR3 ] 4 
NREX3 ] 3 
PD 9 18 

TOTAL 434 

Crystal Oscillator Components Area_in Square mils 

240 kilohm resistor 20 
68 ) it 5 

| 2 t! if 3 

22 bb J 6 

30 pf capacitor 150 

Q1 MOS-FET 10 

Q2 MOS-FET 10 

TOTAL 204 

TABLE 5 


ley eeonnia ts standard cell notation 
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The multiplexer chip size is determined in the following manner: 


Area of each cell = (LX 8} fils : A. 
where L = length of the cell 
Total active area of the cell = 2 X A. 


Then the total length of each side of the chip is: 
Ll, = Van. = J 161 7 ay 

To account for the pads, 11 mils must be added 
L, = (11+ 4fL) mils 


The total length including the oscillator is: 


, = 4/434 + f204 + 11 mils 


GE. te eee O08 com malls 


> 


L 


A custom, handcrafted layout would reduce the size of the chip by at 
least 20% to approximately 87 mils. The number of external pin con- 
nections required on the chip package is 13, so a basic 16 pin dual 
in-line package could be used. Compared to present costs, such a 
device could be sold at less than five dollars each. This, of course, 


is also based on the high usage this device would have. 


B. POWER TRANSISTOR 

The device used is not presently on the market and no definite 
cost could be determined. The device is packaged in a stripline 
configuration and the cost of these are quite significant. During 
the power oscillator design it was shown that no heat sink would be 
required because of the low duty cycle. This fact eliminates the need 
for the expensive package. Also discussed was the possibility of 
reducing the power requirements on the radiosonde. Based on the last 
two items the author feels that a long range estimate of the cost of 


the high frequency power transistor would be approximately four dollars 
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each. With high frequency power transistor technology advancing as 
rapidly as it is at the present time there is no reason to believe that 


the cost given above is unrealistic. 


C. MODULATOR 

All transistors used in this section are low cost, epoxy types 
except for the switching transistor Q6 (see Fig. 20). The author feels 
that the entire modulator, including the crystal in the multiplexer 
clock and all other basic components could be assembled at an overall 


cost of under six dollars. 


D. METEOROLOGICAL SENSORS 
This area was not covered by this thesis and no estimation of 


costs will be given. 


ke GOST. CONCLUSIONS 

The costs shown above are only approximations. They are included 
only to indicate that the cost of a solid state radiosonde will not be 
too high to render it impractical as an expendable device. It should 
be reemphasized that from such a system we can expect: 

(1) improved data accuracy 

(2) increased channel capacity 

(3) increased data rate 

(4) increased reliability 
(5) decrease in weight 
(6) 


decrease in size 


which is a good argument for implementing a solid state system. 
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IX. INTERFACING CONSIDERATIONS 


System interfacing with meteorological sensors and the reduction 
of data at the terminal installation are considered in this section. 
No actual interfacing was performed in the’ laboratory. All the 
information contained below is included to assist those who would 


continue the work started in the thesis. 


A. METEOROLOGICAL SENSORS 
Present common radiosonde sensors are of the’ resistance type. 

Pressure sensor of the voltage type are also available. The following 
are possible interface networks for such devices. 

Resistance — Fig. 32 shows a configuration which could be 

used to obtain the desired VCM input. By is the meteorological 

sensor and the output voltage, Vo? is determined by the voltage 

divider network. 

Voltage — A simple operational amplifier, if required, could 

provide the required input voltages to the VCM. 


An example network is shown in Fig. 33. The ratios eee 


Rl R3 
(amplifier gain) and the -5 volt input would set* the output voltage 
at -5 volts with zero input voltage and determine the range of the 
output voltage for a given input range. Q is an operational amplifier 


such as the Fairchild 741. 


B. RADIOSONDE RECEIVER OUTPUT 
It is desirable to either connect the receiver output directly 
to a computer or to transform the output to a digital format for direct 


relay to a central computer system. In either case, the reduction of 
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V= 13.5 VOLTS 


FIGURE 32 RESISTANCE SENSOR INTERFACE CIRCUIT 
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FIGURE 33. VOLTAGE SENSOR INTERFACE CIRCUIT 
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FIGURE 34 RECEIVER DECODING NETWORK 


iS 


raw data to meteorological information would be accomplished automati- 
cally without the introduction of human errors or loss of accuracy 
due to analog to digital transformations. 

The SMQ-IA Radiosonde Receiver was used to determine whether the 
Signal transmitted by the breadboarded system would be reproduced 
sufficiently to allow detection and subsequent decoding. Throughout 
the design stages, consideration was given to the receiver characteris- 
tics in order that few modifications would be required to have the 
receptor work with the experimental radiosonde. Figs. 35 and 36 are 
actual photographs taken at the output of the final IF stage in the 
SMQ-1A. Fig. 35, taken at a very slow sweep speed, clearly shows the 
time multiplexed sequence. Fig. 36 shows the GVPRF signal. The IF 
frequency is 22 Megaherts. The peak to peak voltage shown is 1.5 volts. 

From the results of the test with the SMQ-l1A, it is seen that the 
PRF can be measured by using a simple AM detector and logic to count 
and either store or transfer the information to the computer. Fig. 34 
depicts a possible network to accomplish this task. The output of the 
IF is fed to an amplifier-limiter stage. The amplifier output is then 
detected and fed to a Schmitt trigger whose threshold is set above the 
incoming noise leve. The Schmitt trigger output is fed to a One-Shot 
multivibrator which generates a 175 millisecond pulse. The data pulses, 
along with the Schmitt trigger output, are fed to an AND gate which 
allows the data pulses to be counted for up to 175 milliseconds. When 
the gate is turned off a second One-Shot generates a short pulse which 
transfers the data from the counter to the computer. At the completion 
of the transfer another short pulse is generated which clears the 


counter for the next set of input data. 
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FIGURE 35 RECEIVER IF WAVEFORM - SLOW SWEEP 





FIGURE 36 RECEIVER IF WAVEFORM - FAST SWEEP 


is 


The calibration pulse is detected easily by noting the large pulse 
count. This can be programmed directly into the computer. The 1/75 
millisecond gate allows the calibration pulses to be counted for the 
entire 150 milliseconds. Since there are 250 milliseconds between 
channels, the time available to transfer the information to the computer 
and clear the counter is 75 milliseconds. The circuit in Fig. 35 was 
not fabricated, however, there is reason to believe that the concept is 


sound and practical. 
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X. CONCLUSION 


This thesis dealt primarily with the feasability of designing and 
building a complete solid state radiosonde. Throughout the entire 
period of development, cost, complexity, size, weight, compatability 
with present ground receptors, data accuracy, RF power output, band- 
width, etc., were the determining factors in the overall design. 
State-of-the-art technology was used wherever possible. Although no 
testing was done with actual meteorological sensors, a great deal of 
thought was given to the types of sensors which might be used. 

Fig. 3/7 shows a typical overall system, including sensors. Depicted 
are resistance type humidity and temperature sensors while the pressure 
sensor is a bridge type (lower left) requiring a constant current 
source. An amplifier is required to bring the voltage up into the VCM 
input range. The eight volt input reference for the calibration/sync 
period is obtained from this network. This circuit was actually built 
and operated satisfactorily. The transistor shown, without a base 
lead, is a Fairchild SE 2001 which, when operated in a reverse zener 
breakdown mode, provides a constant output voltage which is relatively 
independent of temperature. Not shown in the diagram is the logic 
circuits which drive the MOS analog switches. 

The operational testing done on the system showed that the system 
performed satisfactorily over a wide range of temperatures. Test 
periods lasted up to six hours with no failure occuring in any part of 
the system. All tests were made without the advantage of any protective 
covering over the chassis. Concern over’ the possibility of the epoxy 


transistors failing at low pressures due to rupturing of the package 
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proved to be incorrect. Several transistors of various types were 
taken down to as low as one miliibar without failing. Therefore, it 
appears that the entire system is capable of functioning properly over 
any of the adverse conditions to which the radiosonde is subjected. 

MOS technology has allowed LSI to become more efficient and 
reliable. Of equal importance is the cost reduction. The MOS/LSI 
Multiplexer design not only improves the data rate and channel capacity, 
but significantly decreases the size and weight of the system. The 
simulated multiplexer, which was built of discrete MOS IC's, also 
performed satisfactorily under adverse environmental testing. In fact, 
the multiplexer continued to function at temperatures below -/0° C 
even after the rest of the system had ceased to operate reliably. 

Analysis of the VCM over variable voltage and temperature conditions 
Showed that a second order curve could be fitted to the output data. 
Errors resulting from this approximation are less than .1% and, on the 
average, less than .03%. A linear approximation provides errors of less 
than 1.25%. The reduction of data by a computer appears to be feasible 
and further investigation of this phase of operation could be the topic 
of another thesis. 

The results obtained through this thesis appear to favor the devel- 
opment and use of a solid state radiosonde. Generally speaking, 
nothing was found which might show the superiority of the present 
system over a new system. The only area which may favor the present 
radiosonde 1s cost. But the advantages gained by the solid state 
system far outweigh, in the author's estimation, any additional costs. 
The author also feels that the cost differential would ranidly decrease 
as production techniques are improved on the present state-of-the-art 


components. 
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APPENDIX A CAD SIMULATION PROGRAM 


STMT SOURCE STATEMENT 
l MACRO 
2 ul MCO GAL,&A2,ER1,£6R2 483, C1, EDEL 
5 ~Gle2 NANO3 &81,682,6B3,8&DEL 
4 2.4% NAND2 GA1,&A2,ECEL 
5 E245 NAND3 €B2,8&B3,6&C1,€DEL 
6 tiga © NAND2 €A2,62.2,80EL 
qT Greet NANO2 62464 ,62259D,6D0EL 
8 MEND 
9 MACRO 

LO tx SHREG €M1,EM2,EN1L,EN2,ECLGCK,&ECLOCKN, EDEL 

ll Cx I GA4 GML ,EM2,ENLEN2Z 21 

L2 uXe2 FRS2 GXe-lL,ECLOCK, ECLOCK, EX.12,CD,ECLOCKN, 1 

oe YVEND 

14 MSMCSAIC 

15 NETSTART 

1S T15@ CG [Ny] 

61 FST MCD PEL,»sLOsSKIOCN,PEIN,SR420Q0N,SR1Q,1 
171 SR1 FRS2 FST6,7T15Q,7T15C,FST7,C0,T15QN, 1 
269 SR2 SHREG LC,yPEL,PELNySRIQN,T15Q,T15QNe1 
4C7/ SR3 SHREG SR5Q,PEL,PEIN,SR22QN, 7150, T150N, 1 
545 SRG SHREG SRS5Q,PELSPELN,SR3E2QN,TLISQ,7TL5QN,1 
683 PEI NCRS& SR1IQeSR2ZQNgSREB2QrSR4E2QN, 1 
TCS PELN NCR2 PE1L,ZERC,0O 
731 PEZ2 NOR2Z2 SR32UN,SR42QNG1 
too6EP OUT PE2,CU,1 
POO C12 NCR4&4 SRIGNsSR2202SR3A2QCNeSR420, 1 
806 CP2 CG Ciel 
848 G95 QUT PE2 ,SRLOQN,1L 
875 SR5 FRS2 G5S1leCP2;sCP2,652,FP1,CP2N,1 
S73 G6 Oil, PE2 »SROQNol 

1000 SR6 FRS2 G61 eCP2 »CP2,662,FP1,CP2N,51 
LOS8 Gi OUT PE2 »SR6GQNo1 

1125 SR? FRS2 GT729CP2 eP2sG71leFPLleCP2Nyl 
1223 G& OUT PE2,SR/QN,1 

1250 SRB FRS2 G82,CP2 »CP2,G8l,FP1L,CP2N,1 
134E G9 OUT PE2sSRBQN,] 

1375 SRG FRS2 G92yCP2,CP2,G9L FP ls CP2Nal 
1473 G10 OUT PE2 »~SRIOCN gl 

1500 SR1LO FRSZ G102,CP2,CP2,GLOlLsFPL»CP2Ne1] 
1598 CLGATE NANO2 CP2Ny,SR42C ql 

1620 YOUT NCR2 SRLOQN,CLGATE,1 

L642 _ xXOUT NCR2 SROIOQN,CLGATEs1L _ 

1664 HOUT NCR2 SRBQN,CLGATE,1 

1686 =TOLT NCR2 SRIGN,CLGATE 1 

17C8 PQYUT NCRZ SROQNyCLGATE> 1 

1730 SYNOUT NCR2 SR5Q,CLCGATE,1 

1752 EXNOR NREX3 XOUT,YOUT, HOUT » OFFGATE, l 
1783 = OFFGATE NCR3 TCUT,POUT,SYNOUT,1] a“ 
13807 NETEND 
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APPENDIX D FIRST ORDER LEAST SQUARE FIT PRINTOUT 
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APPENDIX E SECOND ORDER LEAST SQUARE FIT PRINTOUT 
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